shown to be an effective surface modification technique. In PIII processes, the implantation voltage has a large impact on the process and electrical (modulator) efficiency. For experiments in which the sample temperature is raised to a constant value by ion bombardment only-without external heating-our simulation studies reveal that the low-voltage mode featuring a higher ion current density gives rise to a higher electrical efficiency with regard to both single-and batch-processing. The low-voltage mode also produces a thinner plasma sheath and lower energy loss to the passive resistor. The hardware capacitance is responsible for the reduction in the electrical efficiency. For PIII experiments conducted under typical conditions, e.g., plasma density of 5 0 10 9 cm 3 , implanted area of 0.08 m 2 , and employing a 10 k pull-down resistor for operations between 1 kV and 100 kV, the efficiency of the power modulator is quite low and generally less than 50% exclusive of the inefficiency stemming from secondary electrons. Our results demonstrate that the low-voltage, small pulse-duration operating mode has higher implantation efficiency compared to conventional high-voltage PIII. This can be attributed to the higher effective implantation efficiency resulting from the smaller secondary electron coefficient at a lower voltage and higher electrical efficiency in the low-voltage, short-pulsewidth operating mode. Our work suggests that both the total implantation efficiency total and modification efficacy can be improved by elevated-temperature, high-frequency, low-voltage PIII.
I. INTRODUCTION

P
LASMA immersion ion implantation (PIII) is an effective implantation and deposition technique
- [3] . It has been used to modify the surface properties of materials and form thin films while circumventing some of the restrictions and drawbacks of conventional beam-line ion implantation, such as complex target handling for odd shaped targets, retained dose limitation, and long implantation time for large samples. In PIII, the sample is immersed in surrounding plasma sustained by external plasma sources, and a negative high potential is applied to the sample resulting in expansion of the plasma sheath and acceleration of ions into the sample surface. In order to obtain a thicker modified layer to satisfy real engineering needs, elevated-temperature PIII is preferred. In particular, it is more suitable for strengthening materials that are difficult to be nitrided, e.g., stainless steels [4] , [5] and aluminum alloys [6] , [7] . Compared to conventional plasma nitriding, elevated-temperature PIII is performed at much higher ion energy and lower pressure. The incident nitrogen ions possess high kinetic energy and can penetrate through the surface oxide layer, resulting in higher nitriding efficacy since it is known that the surface oxide acts as a barrier to nitrogen diffusion.
In elevated-temperature PIII, the implantation voltage affects the outcome of the experiments. On one hand, at elevated temperature, no significant structural differences have been observed in the layers produced in austenite stainless steel at different PIII energy. This suggests that the energy of the ions is not the most important process parameter in the formation of expanded austenite [4] . The implanted nitrogen atoms, thus, have no "memory" of their energy history and the depth profile is solely determined by thermal diffusion [5] . On the other hand, the implantation voltage affects the plasma sheath dynamics. In general, a lower voltage leads to a thinner plasma sheath and, consequently, more conformal implantation [8] . As demonstrated by Sheridan [9] , a lower implantation voltage can effectively change a small bore into big bore, with ions implanted into the inner surface of a cylindrical bore sample with a higher fraction of the applied voltage. It should also be noted that the implantation voltage affects the ion current density and may produce different modification results. In conventional low-temperature PIII, a higher voltage results in a thick modified layer due to the larger projection range of the incident ions, but the trend may be different for elevated-temperature PIII processes due to the different mechanism. A lower implantation voltage has, in fact, been shown to result in higher surface hardness and retained dose [4] , [5] .
Contrary to conventional beam-line ion implantation, the electrical efficiency of the process is also affected by the implantation voltage. Two major factors are secondary electron emission and mono-energetic ion implantation. Bombardment of the target by energetic ions accelerated across the plasma sheath creates a significant amount of secondary electrons that are accelerated away from the sample and typically impinge into the vacuum chamber wall. In addition to generating harmful X-rays that can pose safety hazards in high-voltage experiments, these secondary electrons decrease the effective implantation efficiency. For simplicity, the effective implantation efficiency of PIII can be described by , where is the secondary electron coefficient. In some cases, is quite small and sometimes less than 1% if the secondary electron coefficient is large, especially in high-voltage operation [10] , [11] , thereby significantly reducing the implantation 0093-3813/01$10.00 © 2001 IEEE efficiency. In addition, there is a capacitance intrinsic to the PIII hardware and plasma sheath [12] , [13] giving rise to a big time-constant in the circuit, and making it difficult for the potential between the target (negative electrode) and chamber wall (anode electrode) to revert back to zero after the high-voltage pulse is turned off. Consequently, many low-energy ions are implanted into the surface resulting in smaller ion penetration depth as well as exacerbating sputtering loss. Hence, this potential difference must be artificially forced to zero quickly by, for example, using a parallel passive resistor [14] , [15] , but this resistor mitigates the effectiveness of the modulator. Therefore, secondary electron emission and hardware capacitance effects reduce the overall electrical efficiency, and the extent depends on the implantation voltage.
During PIII, the implantation voltage determines the plasma sheath thickness, incident ion current density, sputtering, secondary electron emission, and energy loss of passive resistor. It, therefore, has a large influence on the PIII treatment efficiency and must be investigated. In this paper, we numerically investigate the effects of the implantation voltage on the process and electrical efficiency of elevated-temperature PIII. In Section II, we discuss the low-voltage treatment efficiency, and in Section III, we focus on the effects on the electrical (modulator) efficiency. Our results show that low-voltage PIII can lead to both higher processing efficiency and electrical efficiency from the perspective of the power modulator.
II. PROCESS EFFICIENCY OF ELEVATED-TEMPERATURE PIII
A. Single Sample Processing
The implantation voltage exhibits a complex relationship with the PIII dynamics since it affects the in-depth distribution of the implanted species (mainly the projected range and straggle), the ion incident angle due to the change in the plasma sheath geometry for irregularly shaped samples, incident dose rate, and sputtering effects. As shown in Fig. 1 , the thickness of the modified layer and retained dose decrease with higher implantation voltage for a constant sample temperature without external heating [4] , [5] . That is to say, a higher voltage experiment requiring more expensive hardware and more stringent X-ray protection does not necessarily yield better results in this case. The intricate relationship between the nitriding efficiency and applied voltage comes about because of the attainable ion current density and surface oxidation dynamics, both of which are dependent on the implantation voltage.
Without external heating, the sample temperature is determined by ion heating, radiation heating (from plasma source or plasma itself), radiation heat loss (to chamber wall), and heat conduction loss (through target holder). When considering only the ion heating and radiation heat loss, the sample temperature ( ) is determined by (1) For ion heating effect, we can assume that , where is the applied sample voltage and represents the average ion current. Consequently, (2) To maintain a constant heat input and sample temperature, must be inversely proportional to the applied sample voltage, as shown in Fig. 1 assuming an ion heating power VA/cm [4] . Consequently, a high voltage results in a correspondingly low ion current, and at really high voltage, there may not be enough nitrogen ions implanted into the sample. The ion density, therefore, has a crucial effect on the nitriding efficacy. Williamson et al. [16] have demonstrated that the layer thickness varies linearly with the implantation current, as shown in Fig. 1 .
The ion current density actually affects not only the nitrogen supply rate but also the sputtering rate of the surface oxide. Surface oxidation affects the nitriding efficiency in experiments conducted in non-ultra high vacuum (UHV) PIII machines significantly. The kinetics of surface oxidation depends very much on process parameters, including the oxygen partial pressure (oxygen is introduced by small leaks in the system and outgassing), implantation energy, and ion current density. The evolution of the oxide layer is controlled by simultaneous sputtering and oxidation [17] . The oxide growth rate, , is determined by the flux of oxygen atoms from the ambient imparting the surface of the substrate. This flux is given by the kinetic gas theory (3) where oxygen partial pressure; Boltzmann's constant; temperature; mass of oxygen. Meanwhile, oxide removal is due to sputtering. The oxide removal rate, , is controlled by the ion energy and ion flux according to (4) where total ion flux; ion-energy distribution; oxygen sputtering yield. The oxide growth and removal processes compete with each other. It is apparent that the voltage affects . In order to attain a constant sample temperature in the absence of external heating, a low-voltage process requires a higher ion density, consequently leading to a higher and . The resulting oxide layer is thin and, compared to a thicker surface oxide, does not hinder nitrogen in-diffusion into the bulk of the materials as severely [18] . Hence, the low-voltage mode features thin surface oxide layer and high ion current, both of which being necessary to achieve higher nitriding efficiency. This has been independently confirmed by the experimental results of Wei et al. [4] and Leigh et al. [5] .
B. Batch Processes
In practical industrial applications, sample throughput is extremely important, and batch processes for treating multiple samples at the same time is a key to the acceptance of PIII of the industry. The batch efficiency of PIII depends on the size and number of samples, vacuum chamber dimensions, and other parameters such as the sample temperature and applied voltage. Out of all these parameters, the voltage is the easiest to adjust. In order to ensure conformal implantation into multiple samples, the individual plasma sheaths should not overlap with each other or reach the chamber wall. Based on the Child-Langmuir law, the plasma sheath is thicker at a higher sample voltage [19] , and the total number of samples that can realistically be put into the vacuum chamber is smaller. Hence, there is a pragmatic advantage using a lower voltage if the same treatment results can be obtained. According to the Child-Langmuir law, and using the assumption that the ion current impacting the samples is provided by the sheath expansion and ion drifting with the Bohm acoustic speed, the maximum sheath thickness in a single pulse is [19] (5) where ion matrix; sheath thickness; , characteristic speed ; Bohm velocity; applied voltage; free-space permittivity; electron temperature; ion charge; mass. Thus, the applied voltage affects the maximum sheath thickness and finally determines the number of total components in a batch, as shown in Fig. 2 . The simulation results demonstrate that a voltage of 2 kV can increase the sample throughput by 1150% compared to 50 kV at a plasma density of /m in a cylindrical vacuum chamber 1 m in diameter. Therefore, a low-voltage PIII process possesses much higher batch efficiency in addition to the single sample efficiency discussed in the previous section.
III. ELECTRICAL EFFICIENCY OF ELEVATED-TEMPERATURE PIII
A. Electrical Circuit and Equivalent Capacitance
There are several key requirements for a high voltage switching system: 1) low switching impedance; 2) fast voltage rise and fall times; 3) high peak current capacity; 4) very high slew rate ( ); 5) safety, reliability, and robustness [14] , [15] , [20] . There are three common modulator designs that can satisfy these requirements. They include 1) pulse forming networks (FPN) with thyratrons; 2) vacuum electron switching tube (e.g., tetrodes); 3) solid-state switching. In practice, FPN systems are not commonly used in field applications due to several inherent drawbacks, for instance, fixed pulse width and difficulty in optimal matching with plasma load. The latter two designs are more common, and out of the two designs, solid-state modulators have attracted more attention. To conduct PIII, the sample is connected to the negative output of the high-voltage modulator and the chamber wall to the positive electrode. The schematic of the equivalent circuit is depicted in Fig. 3 . The dc power supply can provide electrical energy for two modes, one through charging and subsequent discharging of the power capacitor and the other from direct output of the power supply. In spite of the difference, the load is similar and the equivalent coaxial capacitance effect cannot be ignored. The cable capacitance shown in Fig. 3 can affect the output of the modulator and implantation results substantially. It may increase the time constant of the circuit leading to slower electrical response and longer rise and fall times, as shown in Fig. 4 .
The equivalent hardware capacitance of an individual PIII system has to be experimentally determined to calculate the electrical efficiency. This capacitance can be estimated from the voltage waveform in the absence of a plasma load. As shown in Fig. 4 , the hardware capacitance is about 560 pF in our PIII equipment [21] , and the accuracy can be corroborated by using different parallel resistors. This equivalent capacitance originates from the coaxial cable, high-voltage feedthrough, vacuum chamber, and ancillary hardware in the system.
B. Model
We assume that the target is an ideal planar object and so the one-dimensional Child-Langmuir law can be applied. Several assumptions that have been discussed elsewhere [19] , [22] , [23] and are applicable to typical PIII operation are made here. The Child law current density for a voltage across a sheath of thickness is s
The sheath expansion obeys the Child-Langmuir law, and it is assumed that the implanted ion current density is equal to the charge crossing the sheath boundary per unit time and . The trapezoidal voltage waveform can be characterized by three different periods: rise time , plateau time , and fall time [22] . In the rise-time period, the normalized sheath thickness is (7) During the plateau interval, the normalized sheath thickness is (8) and during the fall time, the normalized sheath thickness is (9) where ; ; , . The effective current to conduct the implantation process is (10) where secondary electron current; , secondary electron voltage coefficient; applied voltage. The equivalent plasma impedance is derived from (11) When the pulse is on, the output power of the modulator is (12) (13) where is the energy lost to the resistor when the pulse is on. , the energy dissipated in the implantation process including the three time phases, is given by: (14) and is the portion of the energy lost to passive resistor due to the hardware capacitance restored energy, but part of it is reused by the implantation process (15) where pull-down resistance; plateau voltage; surface area; equivalent capacitance; secondary electron coefficient. The effective implantation efficiency is defined to be and the electrical efficiency of the modulator . Finally, we define the total implantation efficiency an .
C. Equivalent Impedance
Using typical PIII conditions: copper target, plasma density cm , implanted surface area m , for voltage between 20 kV and 100 kV [13] , (6)- (11) are numerically solved. Fig. 5 elucidates the nonlinearity of the plasma load. During the rise time, the resistance goes up precipitously with increasing implantation voltage reaching more than several tens of kilohms. After the rise time, the resistance rises gradually, but slowly. When the pulse is turned off, the equivalent resistance rises abruptly to hundreds of kilohms. Our results also demonstrate that increasing the plasma density or target surface will lead to a lower equivalent resistance. A large equivalent plasma impedance may make it more difficult to optimize the implantation voltage waveform as well as the implantation process. As shown in Fig. 3 , the equivalent hardware capacitance is an entity inherent to the equipment design. A bigger capacitance will give rise to more charges and so it is more difficult for the plasma to discharge. As demonstrated in Fig. 5 , the plasma load resistance is quite large, ranging from tens of k to hundreds of k , during the latter part of and after the pulse. It yields an appreciable time constant for the electrical circuit. Discharging the equivalent capacitance is quite time-consuming and it is, thus, difficult for the potential difference between the sample and chamber wall to go back to zero. In this case, the energy of the incident ions will be greatly reduced and the fraction of ions with low energy will go up. In particular, when a short pulse duration is used, a longer fall time will increase this fraction. As shown in Fig. 6 , for a pulse duration s/ s, the low-energy ion component arising from the fall time will be higher than 17% and may adversely affect the surface properties of the treated samples due to shallow ion penetration and more severe sputtering effects. To reduce the fall time and improve the average bombardment energy, a passive resistor has to be used to reduce the equivalent resistor as well as equivalent time constant. Compared to a tail-biter switch [24] , the resistor has the advantages of being simple and reliable, but power dissipation during implantation and lower efficiency of the pulser are the drawbacks.
D. Modulator Efficiency
Several assumptions and experimental determination of several parameters are needed to establish our simulation algorithm. We assume that the charging resistor in the dc power supply is relatively large, on the order of hundreds of kilohms [25] , and it does not affect the equivalent pull-down resistor since this external resistor is generally about tens of kilohms. In our equipment, a pull-down resistor of 10 k is used although a smaller 5-k resistor can also suffice in practice [26] . In the simulation, the equivalent hardware capacitance is 560 pF as determined from our experiments. Fig. 7 indicates that the implantation voltage significantly affects the electrical efficiency of the power modulator. The electrical efficiency decreases exponentially with increasing implantation voltage. It is because the energy loss to the passive resistor is proportional to the square of the applied voltage.
Our simulation results also demonstrate that the modulator efficiency is generally less than 50% under typical PIII conditions, for instance, plasma density of cm , implanted area of 0.08 m , and employing a 10-k pull-down resistor for operations between 1 kV and 100 kV.
It should be noted that besides the implantation voltage that has been discussed in details here, other factors such as the plasma density and implanted area also affect the modulator efficiency. The plasma density determines the equivalent plasma impedance, and subsequently alters the electrical efficiency of the power supply as well as the fall time. As indicated in Fig. 8 , the efficiency is better at higher plasma density. In fact, both the pull-down resistor and equivalent plasma resistance constitute the modulator load. The factors that lower the equivalent resistance increase the efficiency of the pulser. For instance, as illustrated in Fig. 9 , the efficiency is better with increasing implantation area. Fig. 9 also illustrates the effects of the pulse duration on the electrical efficiency. Since the sheath expansion obeys the Child-Langmuir law, the efficiency diminishes with longer pulse duration. In general, a low equivalent plasma impedance, small pulse duration, or low implantation voltage tends to result in high implantation efficiency. Increasing the implanted area can lower the plasma impedance, and a low voltage treatment is, thus, more effective since it can treat more components (more treated areas) in one batch. From data in Figs. 7 and 9, it is obvious that the low-voltage, small pulse-duration operation mode is more efficient from the standpoint of the modulator, and low-voltage, high-frequency PIII (HLPIII) [27] - [29] possesses the advantage of both higher modification efficiency and electrical efficiency. If we consider the total implantation efficiency, the HLPIII mode is much more favorable, as at a lower voltage, the secondary electron coefficient is also smaller. For example, 2 kV implantation gives rise to a total efficiency of 18.5%, compared to 4.5% at 40 kV.
IV. CONCLUSION
The implantation parameters affect both the electrical efficiency of the modulator and the effective implantation efficiency. Therefore, one should optimize the implantation process by considering both the required modification results and total implantation efficiency. In PIII, similar results can be attained employing different processes, but the efficiency of each individual process may be very different. Our simulation results demonstrate that the implantation voltage affects the PIII processes and efficacy to a large extent. Low-voltage PIII at elevated temperatures possesses high processing and electrical efficiency in addition to the more obvious advantages of thin plasma sheath for more conformal implantation, low hardware cost, and lower hazards pertaining to high-voltage operation (e.g., X-ray exposure). During practical PIII processes, increasing the plasma density or implanted surface area (e.g., simultaneous implantation of several targets) is more efficient from the standpoint of the modulator. Meanwhile, decreasing the pulse duration or implantation voltage also boosts the efficiency. Our results suggest that the low-voltage, high-frequency operating mode is very efficient and yields good modification results.
